Exposure to bioaerosols causes various adverse health effects including infectious and respiratory diseases, and hypersensitivity. Controlling exposure to bioaerosols is important for disease control and prevention. In this study, we evaluated the efficacies of various functional filters coated with antimicrobial chemicals in deactivating representative microorganisms on filters or as bioaerosols. Tested functional filters were coated with different chemicals that included (i) Ginkgo and sumac, (ii) Ag-apatite and guanidine phosphate, (iii) SiO 2 , ZnO, and Al 2 O 3 , and (iv) zeolite. To evaluate the filters, we used a model ventilation system (1) to evaluate the removal efficiency of bacteria (Escherichia coli and Legionella pneumophila), bacterial spores (Bacillus subtilis spore), and viruses (MS2 bacteriophage) on various functional filters, and (2) to characterize the removal efficiency of these bioaerosols. All experiments were performed at a constant temperature of 25ºC and humidity of 50%. Most bacteria (excluding B. subtilis) rapidly decreased on the functional filter. Therefore, we confirmed that functional filters have antimicrobial effects. Additionally, we evaluated the removal efficiency of various bioaerosols by these filters. We used a six-jet collision nebulizer to generate microbial aerosols and introduced it into the environmental chamber. We then measured the removal efficiency of functional filters with and without a medium-efficiency filter. Most bioaerosol concentrations did not significantly decrease by the functional filter only but decreased by a combination of functional and medium-efficiency filter. In conclusion, functional filters could facilitate biological removal of various bioaerosols, but physical removal of these by functional was minimal. Proper use of chemical-coated filter materials could reduce exposure to these agents.
Microbial air quality associated with infectious respiratory diseases has been receiving an increasing amount of attention, particularly in indoor environments [17] . Control of emerging respiratory infections, such as severe acute respiratory syndrome (SARS) and avian influenza virus, are a recent pressing public health issue [50] . SARS transmission through heating, ventilation, and air-conditioning (HVAC) systems in buildings was also reported [49] . People in urban environments spend more than 90% of their time indoors. Thus, engineering methods for disinfection of airborne infectious microorganisms are crucial to prevent transmission of these diseases, particularly in highrisk settings and susceptible populations [15] . These facts demonstrate the importance of respiratory protection using personal protective equipment such as respirators coated with antimicrobial materials [3, 8, 11, 33] .
Biological particles can be controlled by engineering solutions for air purification, such as air filtration using high-efficiency particulate air (HEPA) filters, ultraviolet germicidal irradiation (UVGI), and electrostatic precipitation [16, 22, 24] . Typically, airborne infectious microorganisms are adsorbed onto the filter surface and then removed from the air [4] . Filter durability is important for the retention of microorganisms on filter materials. In addition, extreme humidity and moisture in buildings could stimulate microbial growth [24, 45] . HVAC systems are used to maintain optimal indoor air conditions such as temperature, humidity, and a low concentration of microorganisms [27] . To prevent microbial growth, manufacturers have proposed the use of an additional coated filter that may have various properties [21] . However, microorganisms on filter materials can survive for prolonged periods, and even multiply under *Corresponding author Phone: +82 2 880 2731; Fax: +82 2 762 9105; E-mail: gko@snu.ac.kr some conditions [27] . Moreover, microorganisms on filter materials could be re-aerosolized during filter changes or other mechanical disturbances. Thus, one must inactivate microorganisms on filter materials through antimicrobial treatments of the filter surface. Various materials have been developed to prevent microbial growth; for example, nano-sized inorganic or natural materials, such as silver, and sericin [27, 35, 37] . In this study, we characterized the biological and physical removal efficiencies of various microorganisms, including vegetative bacteria, spores, and viruses, on functional filters coated with various antimicrobial agents. Additionally, to simulate real-world conditions, we built an environmental chamber and evaluated bioaerosol removal efficiencies.
MATERIALS AND METHODS

Preparation of Microorganisms
Both bacteriophage MS2 and E. coli C3000 (ATCC No. 15597) were incubated in trypsin soybean broth (TSB) (Difco Laboratories, Detroit, MI, USA) and then propagated at 37 o C in a shaking incubator overnight. After incubation, an equal volume of chloroform was added and cultures were centrifuged at 4,000 ×g for 20 min. The supernatant was recovered and stored at -70 o C. Bacteriophage MS2 (ATCC No. 15597-B1) was assayed by the single agarlayer method [12] . Briefly, bacteriophage MS2 (100 µl) and log-phase host E. coli C3000 (300 µl) were mixed with 2× 15 ml TSB broth in a 50 ml conical tube. After vertical shaking, the mixture was poured into 150 mm Petri dishes and then incubated at 37 o C overnight. The viral titer was estimated as 9 × 10 11 PFU/ml and used as a stock suspension.
Influenza A (H3N2) virus was cultured in MDCK cells and modified Eagle's medium (MEM; Gibco, Grand Island, NY, USA), as described previously [18, 48] . To prepare virus stock, MDCK cells were grown to 80% confluence in 6-well plates. Cells were infected and cultivated at 34 o C in a CO 2 incubator for 3-4 days, and media were then removed. Supernatants were filtered using a 0.22 µm syringe filter (Acrodisc; Pall Corp., Ann Arbor, MI, USA). The resulting filtrates were stored at -70 o C and used as viral stock. The viral titer was estimated to be 1 × 10 4 PFU/ml by plaque assay. Plaque assays were performed for determining the influenza survival rates. Briefly, MDCK cells were seeded in 6-well plates at 2 × 10 6 per well and incubated for 6 h at 34 o C in a CO 2 incubator. After removing the media, 0.5 ml of virus suspension was inoculated into each well and incubated for 1 h for infection. Culture media were then removed. Equal volumes of 1.5% SeaPlaque agarose and 2× MEM were mixed and added (3.0 ml) to each well and allowed to solidify. After 3-4 days, 10% formalin in 2× MEM was added to each well for 30 min. The upper agar layer was then removed, washed with phosphate-buffered saline (PBS), and stained using crystal violet for 30 min. After washing with PBS, plaques were enumerated.
E. coli C3000 (ATCC No. 15597) was grown in TSB overnight at 37 o C with shaking and then stored at -70 o C until required. For the aerosol experiment, this stock was centrifuged at 2,000 ×g for 10 min and the supernatant was discarded. The resulting pellet was washed with PBS and centrifuged at 2,000 ×g for 10 min. The pellet was resuspended in 1 ml of PBS to 2 × 10 8 CFU/ml, as determined by culture assay. The stock solution was used for assessing bacterial inactivation on filters. In addition, bacterial suspensions were diluted in PBS to 2 × 10 6 CFU/ml in a nebulizer. Legionella pneumophila was isolated from a cooling tower on Jeju Island, cultured in buffered charcoal-yeast extract (BCYE, Oxoid, CM0655) with Legionella BCYE growth supplement (Oxoid, SR0100A) overnight at 37 o C with shaking, as described previously [34] . The stock concentration of L. pneumophila was estimated to be 4 × 10 8 CFU/ml and was stored at -70 o C until required. For aerosol experiments, this stock was resuspended in PBS as described.
Bacillus subtilis (ATCC No. 6633) was acquired from the American Type Culture Collection (Manassas, VA, USA). B. subtilis spores were prepared as described previously [20] . The protocol consisted of two major steps: bacterial sporulation and spore purification. For B. subtilis sporulation, 3 ml of LB broth was inoculated with 10 µl of B. subtilis stock and cultivated at 37 o C for 24 h with shaking. The tubes were vortex-mixed; aliquots of 100 µl were spread onto LB agar plates and incubated at 37 o C for 48 h. Cultivated bacterial cells were skimmed using a disposable loop and then mixed with ~5 ml of water in 15 ml tubes. To purify spores, the resulting suspension was centrifuged for 10 min at 10,000 ×g. The pellets were washed with a 1/4 volume of sterile distilled water (DW) by repeated pipetting. These centrifugation and washing steps were repeated three times, and the pellets were incubated with shaking overnight at 4 o C. The suspension was then centrifuged at 20,000 ×g for 20 min and resuspended in sterile DW. These steps were repeated for 3-10 days until the supernatant became one homogenous layer. The supernatant was removed, and the resulting spore pellet was stored in cold sterile DW in the dark. The spore concentration was estimated to be 9 × 10 6 CFU/ml. To determine the purity of B. subtilis spore preparations, their sensitivity to 254 nm UV-C was measured. The UV sensitivity of prepared Bacillus spores was very close to that reported previously [43] .
Characterization of Tested Filters
We used four different types of functional and medium-efficiency filters. The physical properties and composition of the functional filters are shown in Table 1 . Nonwoven, polypropylene, and rayon functional filters were obtained from Woongjin Coway (Seoul, 
